Introduction
============

The World Health Organization (WHO) estimates that \>1 billion adults worldwide are overweight and \>300 million people are obese.^[@bib1],\ [@bib2]^ Obesity is a significant risk factor for the development of several diseases, including insulin resistance, type 2 diabetes (T2D), cardiovascular disease and nonalcoholic fatty liver disease.^[@bib3],\ [@bib4]^ Moreover, obesity-related diseases account for up to 7% of total health care costs worldwide.^[@bib2]^ Importantly, obesity is closely associated with insulin resistance and T2D and is one of the most important modifiable risk factors for the prevention of T2D. Although multiple tissues are affected by adiposity, adipose tissue is a major contributor to many of the metabolic abnormalities associated with obesity. Indeed, adipose tissue is now recognized as a highly metabolic and dynamic endocrine organ that secretes several inflammatory and immune mediators known as adipokines.^[@bib5]^ Dysregulation of adipokine secretion induced by increased fatty acid storage in the adipocyte has been strongly implicated in several obesity-related diseases.^[@bib6]^ Based on this, it is likely that normalizing adipokine levels may be an effective therapeutic approach to lessen the metabolic complications induced by the onset of obesity.

Adiponectin is an adipose-tissue-derived bioactive peptide that exerts a plethora of direct effects on multiple tissues and has been shown to have a beneficial role in the setting of metabolic and cardiovascular disease states.^[@bib7],\ [@bib8]^ Adiponectin is a ∼30 kDa protein that circulates in the blood at high concentrations (2--10 μg ml^−1^ in human) and constitutes ∼0.01% of total plasma protein.^[@bib9],\ [@bib10],\ [@bib11]^ In contrast to several other adipokines, adiponectin is an anti-inflammatory, anti-atherogenic and insulin-sensitizing hormone whose levels are found to be reduced in obesity.^[@bib2],\ [@bib10]^ Adiponectin can exist in the blood as a trimer, with the potential to associate into hexamers and finally into multimers of high-molecular weight (HMW) species.^[@bib12]^ Evidence strongly suggests that HMW adiponectin oligomer is the most metabolically active multimer and, in many cases, the proportion of HMW adiponectin rather than total adiponectin levels are more closely associated with the beneficial metabolic and cardiovascular effects of adiponectin.^[@bib10],\ [@bib13],\ [@bib14],\ [@bib15]^ As previously mentioned, there is a strong inverse relationship between adiponectin levels and obesity and subsequently insulin sensitivity.^[@bib16]^ Moreover, decreased adiponectin levels were seen in parallel with the progression of insulin resistance and T2D in nonhuman primates,^[@bib11]^ suggesting that maintaining high circulating adiponectin levels may be a potential approach to prevent the development of these disorders.

Since various pharmacological treatments, including thiazolidinediones^[@bib15]^ and statins,^[@bib17]^ have been reported to indirectly increase circulating adiponectin levels, there is potential that therapies that directly increase circulating adiponectin levels may have greater beneficial effects in the setting of obesity. Therefore, we chose a gene therapy approach to deliver a plasmid containing adiponectin cDNA into skeletal muscle of high-fat, high-sucrose (HFHS)-fed mice in order to increase circulating levels of adiponectin. Using this approach, we show that long-term expression of adiponectin prevented weight gain and ameliorated the metabolic abnormalities induced by a HFHS diet.

Materials and methods
=====================

Animal care and diets
---------------------

This investigation conforms with the guidelines of The University of Alberta Animal Policy and Welfare Committee, which adheres to the principles for biomedical research involving animals developed by the Council for International Organizations of Medical Sciences. C57/BL6 male mice (7--8 weeks of age) were purchased from Charles River Laboratories (St Constant, QC, Canada). All animals were given unrestricted access to food (6.5% fat, 49% carbohydrate and 23% protein wt/wt; 3.5 kcal g^−1^ Purina Rodent Chow 5008; Ralston-Purina, St Louis, MO, USA) and water unless otherwise stated. Mice were maintained on a 12:12-h light--dark cycle and at an ambient room temperature of 20--22 °C throughout the study. Immediately following gene transfer, mice were fed a HFHS diet (44.9% fat; D12451; Research Diets, New Brunswick, NJ, USA) for 13 weeks.

Plasmid construct
-----------------

Adiponectin cDNA was subcloned into the vector containing a muscle-specific, synthetic promoter (SPc5--12) as described.^[@bib18],\ [@bib19]^ The plasmids were produced by ADViSYS, Inc. (The Woodlands, TX, USA), according to previously described methods.^[@bib20]^

*In vivo* gene delivery
-----------------------

Mice were mildly anesthetized using isoflurane (5.0% isoflurane in 100% O~2~ until unconscious and anesthesia was maintained with 1.25% isoflurane in 100% O~2~ at a flow rate of 1 liter min^−1^) and 100 μg of plasmid containing either adiponectin or empty control vector in 25 μl sterile saline (control) were injected directly into each gastrocnemius muscle of the mice. Transcutaneous electric pulses were applied to the muscle using two stainless steel needle electrodes placed 1-cm apart on each side of the injection site immediately after DNA injection. All muscles were electrotransferred using the following conditions: 100 V cm^−1^, 24 pulses and 20 s pulse^−1^, 1 Hz, using a BTX ECM 830 electroporator (BTC Harvard Apparatus, Holliston, MA, USA) as previously described.^[@bib21]^

Glucose tolerance tests and pyruvate tolerance tests
----------------------------------------------------

Mice were fasted for 6 h and then either administered glucose (2 g glucose per kg body weight) by oral gavage or pyruvate (2 g pyruvate per kg body weight) by intraperitoneal injection. Blood samples were collected from the tail vein for measurements of blood glucose levels at 0, 15, 30, 60 and 120 min post-injection using an ACCU-CHEK Aviva Advantage glucometer (Roche Diagnostics, Laval, QC, Canada). Data was expressed as the absolute change in blood glucose concentrations from baseline (0 min). Total area under the curve of the glucose or pyruvate response was calculated using the trapezoidal method.^[@bib22]^

Body composition and metabolic measurements
-------------------------------------------

Body composition was determined in conscious mice at the end of 13 weeks of a HFHS diet using Echo-MRI (Echo Medical Systems, Houston, TX, USA). Indirect calorimetry was performed on mice using an eight-chamber open-circuit Oxymax system of the Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments, Columbus, OH, USA) as we have previously described.^[@bib23]^ All mice were individually housed and acclimatized to the metabolic cages for 24 h before hourly recordings of metabolic parameters commenced. Mice then underwent a 3-day course in the metabolic cages consisting of a 24-h fed, 24-h fasted and 24-h refed states. Mice were weighed before each 24-h trial. The respiratory exchange ratio (RER; RER=VCO~2~/VO~2~) was used to estimate the contribution of fat and carbohydrate to *in vivo* whole-body energy metabolism in mice. Ambulatory activity of mice was evaluated within the metabolic chambers on a relative basis using an eight-cage rack OPTO-M3 sensor system (Columbus Instruments, Columbus, OH, USA). Consecutive photobeam breaks occurring in adjacent photobeams were scored as an ambulatory movement. Cumulative ambulatory activity counts were recorded every hour throughout the light and dark cycles.

Analysis of serum insulin and adipokines
----------------------------------------

Serum insulin and leptin concentrations were determined using the enzyme-linked immunosorbent assay (ELISA) kits (Crystal Chem, Downers Grove, IL, USA). HMW adiponectin was determined by an ELISA kit (Alpco, Salem, NH, USA) capable of selective quantification of adiponectin oligomers using protease pretreatment.^[@bib24]^

*In vivo* insulin signaling studies
-----------------------------------

Mice were fasted for 6 h and then injected intraperitoneally with human recombinant insulin (10 U per kg body weight). Mice were killed by cervical dislocation 10 min post-injection and liver tissue was rapidly collected, frozen in liquid nitrogen and stored at −80 °C.

Immunoblot analysis
-------------------

Frozen powdered liver samples were homogenized in ice-cold lysis buffer (20 mmol/l Tris-HCl, pH 7.4, 5 mmol/l EDTA, 10 mmol/l Na~4~P~2~O~7~, 100 mmol/l NaF, 1% Nonidet P-40, 2 mmol/l Na~3~VO~4~, 1 mℳ phenylmethylsulfonyl fluoride, 14 μℳ leupeptin and 1 μℳ aprotinin). Lysates were centrifuged at 1000 × *g* for 30 min at 4 °C and supernatants were stored at −80 °C until analysis. Lysate protein was separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred to nitrocellulose membranes (Biorad, Hercules, CA, USA). Phosphorylated and total proteins were identified by immunoblotting using the following primary antibodies: anti-phospho-Akt (Ser-473), anti-phospho-GSK-3β (glycogen synthase kinase 3β Ser-9), anti-phospho-AMPKα (adenosine monophosphate (AMP)-activated protein kinase α Thr-172), anti-α-tubulin (all from Cell Signaling Technology, Danvers, MA, USA) and anti-α-GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Calbiochem, Billerica, MA, USA). For the immunodetection of serum adiponectin, serum samples were diluted (1:50), incubated for 1 h at room temperature in reducing sample buffer (3% sodium dodecyl sulfate, 50 mmol l^−1^ Tris-HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol and 10 mmol l^−1^ dithiothreitol) and subjected to SDS-PAGE under reducing/heat-denaturing conditions (samples were heated at 95 °C for 10 min) with Criterion precast Tris-HCl 4--15% gel (Bio-Rad, Hercules, CA, USA). Antibodies were visualized using the Amersham Pharmacia-enhanced chemiluminescence Western blotting detection system as previously described.^[@bib25]^ Densitometric analysis of immunoblots was performed using ImageJ software (National Institutes of Health). Phosphorylation status of proteins were expressed as a ratio to their respective total protein levels and representative immunoblots of GAPDH were shown as a loading control to confirm equal loading of protein. Memcode reversible protein stain (Thermo Scientific Pierce, Rockford, IL, USA) for western blot membranes was used as a protein loading control for western blots of serum samples.

Statistical analysis
--------------------

Data are expressed as means±s.e.m. Comparisons between two groups were performed using unpaired Student\'s two-tailed *t*-test. Measurements of body weight, as well as glucose and pyruvate tolerance over time were analyzed by two-way analysis of variance with time and group as sources of variation and Bonferroni multiple comparison *post-hoc* tests were performed where appropriate. For all analyses, *P* values of \<0.05 were considered statistically significant. All statistical analyses were carried out using GraphPad Prism software version 5.0 (GraphPad Software Inc., San Diego, CA, USA).

Results
=======

Adiponectin gene therapy increases serum adiponectin levels in mice
-------------------------------------------------------------------

To comprehensively evaluate the metabolic effects of adiponectin gene therapy, we utilized a plasmid containing a muscle-specific synthetic promoter^[@bib19]^ driving the expression of mouse adiponectin cDNA (pAV0243-adiponectin).^[@bib26]^ Serum adiponectin levels were measured both by immunoblot and ELISA to detect concentrations of globular domain adiponectin and HMW adiponectin, respectively. Serum globular adiponectin ([Figure 1a](#fig1){ref-type="fig"}) and HMW adiponectin levels ([Figure 1b](#fig1){ref-type="fig"}) were significantly increased in pAV0243-adiponectin-injected mice compared with mice injected with the control plasmid at 2 weeks following skeletal muscle electroporation and the start of HFHS diet. To confirm that adiponectin gene therapy results in long-term skeletal muscle production of adiponectin, immunoblot analysis was performed on gastrocnemius muscle showing that adiponectin expression was still markedly elevated at 13 weeks post-pAV0243-adiponectin injection ([Figure 1c](#fig1){ref-type="fig"}). Together with the adiponectin levels measured in serum, these data verify that muscle-derived adiponectin was secreted into the blood.

Adiponectin gene therapy decreased weight gain and attenuated adiposity in response to HFHS feeding
---------------------------------------------------------------------------------------------------

The effectiveness of adiponectin gene therapy in preventing diet-induced obesity was tested in male C57/BL6 mice fed a HFHS diet for 13 weeks.^[@bib27]^ As we hypothesized, pAV0243-adponectin-injected mice gained less body weight compared with control mice injected with empty vector over the 13-week period of HFHS feeding ([Figures 1d and e](#fig1){ref-type="fig"}). Starting at 5 weeks post-injection and HFHS diet, pAV0243-adiponectin-injected mice exhibited significantly reduced body weight compared with control mice on a HFHS diet ([Figures 1d and e](#fig1){ref-type="fig"}). Furthermore, echo-MRI studies demonstrated that this reduction in diet-induced weight gain was associated with a significant decrease in total fat mass in these mice ([Figure 1f](#fig1){ref-type="fig"}). Additionally, serum leptin levels in pAV0243-adiponectin injected mice were significantly lower than in control mice fed a HFHS diet ([Figure 1g](#fig1){ref-type="fig"}), which is consistent with the reduced adiposity in pAV0243-adiponectin-injected mice.

Adiponectin gene therapy improves glucose clearance and suppresses hepatic gluconeogenesis in HFHS-fed mice
-----------------------------------------------------------------------------------------------------------

To further evaluate the effect of adiponectin gene therapy on HFHS diet-induced metabolic perturbations, we subjected pAV0243-adiponectin and pAV0243-control-vector-injected mice to oral glucose tolerance tests following 13 weeks of HFHS feeding. pAV0243-adponectin injected mice had significantly improved glucose clearance as compared with pAV0243-control-injected mice when subjected to oral glucose tolerance tests ([Figures 2a and b](#fig2){ref-type="fig"}). In agreement with improved glucose clearance, adiponectin-injected mice also had significantly reduced 6 h fasting blood glucose ([Figure 2c](#fig2){ref-type="fig"}) and insulin levels ([Figure 2d](#fig2){ref-type="fig"}). Together, these data indicate that adiponectin-injected mice subjected to a HFHS diet had improved whole-body glucose tolerance compared with control mice on a HFHS diet. Furthermore, pyruvate tolerance tests revealed reduced blood glucose levels in pAV0243-adponectin-injected mice following intraperitoneal pyruvate injection ([Figures 2e and f](#fig2){ref-type="fig"}), suggesting that increased levels of circulating adiponectin may also suppress hepatic gluconeogenesis. Although adiponectin likely has multiple mechanisms of action on different tissues to improve whole-body glucose clearance, these findings suggest that alterations in hepatic gluconeogenesis may account for some of the beneficial metabolic effects of adiponectin observed *in vivo*.

Adiponectin gene therapy improves hepatic insulin signaling in HFHS-fed mice
----------------------------------------------------------------------------

To further understand how elevated levels of circulating adiponectin may contribute to improved hepatic control of glucose homeostasis in HFHS-fed mice, we evaluated hepatic insulin signaling in these mice. Consistent with improved glucose disposal and insulin sensitivity, insulin-stimulated phosphorylation of Akt (Ser-473, [Figure 3a](#fig3){ref-type="fig"}) and GSK-3β (Ser-9, [Figure 3b](#fig3){ref-type="fig"}) was significantly enhanced in HFHS-fed pAV0243-adponectin-injected mice compared with control mice injected with control vector. Moreover, as adiponectin has been shown to activate AMPK in mice,^[@bib6]^ we also investigated the phosphorylation of AMPK at threonine-172, which is indicative of its activation. As expected, pAV0243-adiponectin-injected mice had increased AMPK phosphorylation in the liver indicating enhanced AMPK activity in these mice compared with controls ([Figure 3c](#fig3){ref-type="fig"}).

Metabolic analysis of mice receiving adiponectin gene therapy
-------------------------------------------------------------

To further characterize the effects of adiponectin gene therapy on *in vivo* whole-body energy metabolism, control- and adiponectin-injected mice were subjected to indirect calorimetry. There was no difference in RER (RER=VCO~2~/VO~2~) between control and adiponectin-injected mice indicating that the type of substrate utilized was not altered as a result of adiponectin gene therapy ([Figure 4b](#fig4){ref-type="fig"}). Although oxygen consumption (VO~2~) was similar between groups of mice during the fasted state ([Figure 4a](#fig4){ref-type="fig"}), adiponectin-injected mice had significantly higher VO~2~ than control-vector--injected mice during the refed state ([Figure 4a](#fig4){ref-type="fig"}), suggesting increased energy expenditure in adiponectin-injected mice. In agreement with this, adiponectin-injected mice were significantly more active as compared with control-injected mice during the refed state following a 24-h fast ([Figure 4c](#fig4){ref-type="fig"}). Taken together, these data suggest that increased locomotor activity and metabolic rate contributes to the leaner phenotype of HFHS-fed adiponectin-injected mice as compared with HFHS-fed control mice.

Discussion
==========

Several studies have investigated the relationship between circulating adiponectin levels and diabetes.^[@bib28]^ Low concentrations of plasma adiponectin levels correlate strongly with reduced insulin sensitivity and individuals with high concentrations of adiponectin were less likely to develop T2D than those with low concentrations.^[@bib29],\ [@bib30]^ Overall, these clinical studies suggest that the concentration of plasma adiponectin independently predicts the progression of diabetes^[@bib7],\ [@bib29],\ [@bib30],\ [@bib31]^ and that adiponectin deficiency may contribute to the development of insulin resistance/T2D.^[@bib32]^ Indeed, mice lacking adiponectin have severe hepatic insulin resistance^[@bib33]^ and administration of adiponectin has been shown to reduce adipose tissue mass and improve insulin sensitivity in animal models of diabetes.^[@bib7],\ [@bib34]^ Therefore, adiponectin gene therapy to increase circulating adiponectin levels may prevent the pathological effects of insulin resistance/T2D.^[@bib35],\ [@bib36],\ [@bib37]^ Recent work has shown that adiponectin gene therapy using adeno-associated virus vectors improved insulin sensitivity in diet-induced obese rats^[@bib38]^ by increasing AMPK activity as well as suppressing hepatic gluconeogenesis.^[@bib39]^ Although the benefits of adiponectin gene therapy are clear, several drawbacks to viral vectors have been well-documented,^[@bib40],\ [@bib41]^ suggesting that viral approaches to gene therapy have inherent risks associated with them and often preclude repetitive treatments.

In the current study, we have achieved long-term adiponectin production after injection of naked plasmid DNA of adiponectin into the skeletal muscle. We used a myogenic-restricted gene promoter to achieve high expression of adiponectin in the skeletal muscle and thus provide physiologically relevant circulating levels of adiponectin.^[@bib18],\ [@bib19]^ Herein, we show that adiponectin gene therapy results in a reduction in diet-induced weight gain, which corroborates with a previous report showing that continuous infusion of globular adiponectin led to similar reductions in body weight in mice fed a high-fat diet for 32 weeks.^[@bib42]^ Although all of the mechanisms by which weight gain is reduced in adiponectin-treated mice are likely not known, we have shown that adiponectin gene therapy results in increased locomotor activity and energy expenditure. These data are consistent with earlier reports indicating adiponectin decreases body weight by increasing energy expenditure.^[@bib34]^ Although the current study and others have shown that treatment with adiponectin decreases body weight and fat content,^[@bib7],\ [@bib42]^ increasing evidence also suggest that adiponectin may also act via the hypothalamus to increase energy expenditure,^[@bib34]^ suggesting some of the observed effects of adiponectin gene therapy in the present study could be centrally mediated. Regardless of the precise mechanisms, the finding in our study that chronic and stable adiponectin gene therapy can reduce weight gain is especially important given the fact that obesity is one of the most frequent causes of insulin resistance in genetically predisposed individuals.^[@bib29]^

In addition to reducing weight gain, increased circulating adiponectin levels resulted in a significant reduction in fasting glucose and insulin levels and improved peripheral insulin sensitivity. Consistent with this, adiponectin gene therapy also increased insulin-stimulated phosphorylation of Akt and GSK-3β in the liver. Although several organs contribute to improved insulin sensitivity, adiponectin-treated mice also had lower glucose levels during pyruvate tolerance test, which is suggestive of suppressed hepatic gluconeogenesis. Although the pyruvate tolerance test is not the gold standard and we did not directly measure hepatic glucose production by *in vivo* techniques such as infusion of a radiolabeled gluconeogenic precursor, our findings are consistent with an earlier report in which administration of adiponectin decreased gene expression of the hepatic gluconeogenic enzyme phosphoenolpyruvate carboxykinase.^[@bib38]^ Taken together, our data indicate that adiponectin gene therapy may exert its anti-diabetic actions via multiple mechanisms, including enhanced hepatic insulin sensitivity and inhibition of hepatic gluconeogenesis.

Adiponectin has also been reported to activate AMPK, which is the 'metabolic master switch\' controlling pathways of hepatic ketogenesis, cholesterol synthesis and triglyceride synthesis.^[@bib43]^ Several studies attribute the beneficial metabolic effects of adiponectin to activation of AMPK.^[@bib44],\ [@bib45],\ [@bib46]^ In agreement with this, our data show that adiponectin gene therapy also results in the activation of AMPK in the liver, suggesting that some of the metabolic improvements of adiponectin gene therapy may be mediated through AMPK and its downstream target molecules.

In conclusion, we show that muscle-specific electrotransfer of adiponectin transgene results in long-term weight reduction and insulin-sensitizing effects in a mouse model of obesity and T2D. These effects appear to be mediated through diverse metabolic pathways, including activation of Akt and AMPK in the liver. As electroporation and muscle gene delivery has already reached clinical trials and is a viable strategy to treat long-term diseases,^[@bib21],\ [@bib47]^ our findings suggest an alternative therapeutic modality that may be considered in the treatment of obesity and T2D.
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![Effect of muscle-specific adiponectin electroporation on serum adiponectin, body weight gain, fat mass and leptin levels following a high-fat, high-sucrose diet. (**a**) Immunoblot analysis of serum collected 2 weeks post-adiponectin injection using an antibody specific to globular adiponectin. Memcode protein stain was used as a marker of equal protein loading. (**b**) Serum levels of HMW adiponectin were measured 2 weeks following adiponectin gene therapy. (**c**) Immunoblot analysis of gastrocnemius muscle collected 13 weeks following gene therapy using antibody specific to globular adiponectin. Levels of adiponectin were normalized to GAPDH as a marker of equal protein loading. (**d** and **e**) Weight gain, (**f**) total fat mass and (**g**) serum leptin levels in control and pAV0243-adiponectin-injected mice following 13 weeks of a HFHS diet. *n*=7--9 per group, \**P*\<0.05 vs control plasmid injected animals as determined by Student\'s *t*-test. Dashed line (**b**, **f** and **g**) represent the mean value for age-matched chow-fed control mice.](nutd201218f1){#fig1}

![Effect of pAV0243-adiponectin or control plasmid on glucose tolerance in male C57/BL6 mice fed a HFHS diet for 13 weeks. Adiponectin treatment significantly improved (**a**) glucose tolerance and (**b**) area under the curve (AUC) in HFHS-fed mice. pAV0243-adiponectin-injected HFHS mice had decreased fasting (**c**) blood glucose and (**d**) serum insulin levels and (**e** and **f**) improved intraperitoneal pyruvate tolerance test. *n*=6 per group, \**P*\<0.05 vs control-plasmid-injected animals as determined by two-way analysis of variance (**a** and **e**) with a Bonferroni *post-hoc* test or Student\'s *t*-test (**b**--**d** and **f**).](nutd201218f2){#fig2}

![Immunoblot analysis of liver tissues after insulin stimulation from HFHS-fed mice injected with pAV0243-adiponectin or control plasmid. Phosphorylation of (**a**) Akt (Ser-473), (**b**) GSK-3β (Ser-9) and (**c**) AMPK (Thr-172). *n*=5 per group. Immunoblots were quantified by densitometry and normalized against total protein levels of Akt (**a**), GSK-3β (**b**) and AMPKα (**c**). \**P*\<0.05 vs control-plasmid-injected animals as determined by Student\'s *t*-test. Representative immunoblots of GAPDH are shown for each as a loading control.](nutd201218f3){#fig3}

![Whole-body energy metabolism in pAV0243-adiponectin-injected and control-plasmid-injected mice following 13 weeks of HFHS diet. (**a**) Oxygen consumption (VO~2~), (**b**) respiratory exchange ratio (RER=VCO~2~/VO~2~) and (**c**) total locomotor activity were simultaneously measured in HFHS-fed mice during the fasted and refed state by indirect calorimetry using a CLAMS apparatus. *n*=6 per group, \**P*\<0.05 vs, control-plasmid-injected animals during the fasted or refed states as determined by Student\'s *t*-test.](nutd201218f4){#fig4}
